Amorphous silicon oxide thin films were prepared by the coevaporation technique in ultrahigh vacuum. Different compositions were obtained by changing the evaporation rate of silicon. The samples were then annealed to different temperatures up to 950°C. The composition and the structure were investigated using energy dispersive x-ray spectroscopy, infrared absorption measurements, and Raman spectroscopy. This study attests the presence of amorphous silicon clusters in a silicon oxide matrix. Optical transmission measurements were performed and interpreted in the field of the composite medium theory. The obtained results are in good agreement with the presented structural model. The photoluminescence in the red-orange domain was studied in relation with the structure. The correlation between the photoluminescence energy and intensity and the structure shows that the light emission originates from the silicon clusters embedded in the silicon oxide matrix. Moreover the dependence of the photoluminescence energy with the silicon volume fraction suggests the origin of the light emission could be due to a quantum confinement effect of carriers in the amorphous silicon clusters.
I. INTRODUCTION
Since the observation of a strong visible photoluminescence ͑PL͒ at room temperature in porous silicon, 1 siliconbased light-emitting-materials are intensively studied. The usual way to obtain more efficient silicon-based optoelectronic devices is the preparation of materials with lower dimensions in which the carriers motion is reduced involving in an increase of the gap of the semiconductor and of the radiative recombination yield. A great number of techniques was used to obtain such structures and photoluminescence was observed in Si ϩ implanted SiO 2 films, 2, 3 in Si rich SiO 2 samples grown by chemical vapor deposition 4, 5 or by sputtering 6 and in Si/SiO 2 multilayers. 7 A very large range of PL wavelength was found from the ultraviolet to the near infrared domains. Although several explanations were proposed in which quantum confinement, 8, 9 silicon-based chemical compounds, 10, 11 interface states 12 or defects states 13 are implicated, the detailed origin of the PL is still matter in debate. It has been clearly shown that both porous silicon and silicon nanostructured films present two different PL bands. 14, 15 While the first one, in the UV-blue-green domain, is generally attributed to radiative recombination from defect centers in the silicon oxide layer surrounding the silicon nanostructures, 16, 17 the second one, in the red-orange domain, is generally attributed to the quantum confinement of carriers. 18, 19 The PL evolution as a function of the silicon nanostructures size is a crucial test to assign, in silicon oxide thin films as well as in porous silicon, the PL origin to pure quantum confinement or to silicon oxide defects and/or interface states.
Theoretical works have shown that quantum confinement can appear for silicon structures with nanometer sizes in one, two, or three directions. The studied objects are mainly slabs, wires, and grains, [20] [21] [22] but the question of whether a crystalline structure is necessary or not to obtain PL is still an open question. Most of the published experimental results shed light on crystalline confined nanostructures and, for samples prepared in the amorphous state, the PL often appears after crystallization treatments. 23, 24 Several theoretical works still propose that the crystallinity is not necessary to obtain the confinement effect and that amorphous silicon grains can allow radiative recombination in the visible range. 25, 26 In a previous work, we have shown that PL could be obtained in the visible range in pure and hydrogenated amorphous silicon oxide thin films prepared by the evaporation technique. 27 The observation of PL in unhydrogenated samples definitely rejects the role of hydrogenated siliconbased chemical species as a possible explanation of the PL. In the present work, the origin of the PL in the red-orange domain is studied in pure amorphous silicon oxide thin films. Evidence will be presented that the PL can be attributed to the carriers recombination in amorphous silicon clusters embedded in a silicon oxide matrix. A structural study is first presented to unambiguously show the existence of confined amorphous silicon nanostructures. The structural results are obtained from chemical analysis, electron diffraction, Raman and infrared spectrometry, and optical measurements. PL experiments are performed and interpreted in relation with the composition and the structure of the films. The results presented here strongly support the assumption that the redorange band emitted by confined silicon structures is attributed to a quantum confinement effect.
II. EXPERIMENT
The SiO x alloys were prepared by the evaporation technique with a background pressure equal to 10 Ϫ7 Torr onto substrates maintained at 100°C. Four groups of samples were prepared to study the effect of the chemical composition. Group A was obtained by evaporation of SiO powder from a tantalum thermal cell. The groups B, C, and D were obtained by coevaporation of pure Si and SiO from an electron beam gun and the thermal cell, respectively. The deposition rate, equal to 0.1 nm s Ϫ1 , and the composition of the samples were controlled by a quartz microbalance system. By varying the deposition rates of Si and SiO, the samples were prepared with different stoichiometries. The average chemical composition x was analyzed by energy dispersive x-ray spectroscopy ͑EDXS͒. Each film was annealed at different temperatures T a ϭ 350, 500, 650, 800, and 950°C in a quartz tube evacuated by an ionic pump. The background pressure was 10 Ϫ7 Torr and the heating rate was equal to 10 K min Ϫ1 . The samples were cooled down immediately after the annealed temperature was reached. The samples were deposited onto different substrates. Silicon substrates were used for PL, Raman, IR measurements, and fused silica glass substrates were used for Raman and UV-Vis-NIR experiments. The thickness was 200 and 500 nm for silicon and glass substrates, respectively.
The oxygen bonding configurations were obtained from Fourier transform infrared transmission measurements using a Perkin-Elmer 2000 spectrometer with a resolution of 4 cm Ϫ1 . For each sample, a reference spectrum of an uncoated silicon substrate was subtracted from the experimental spectra. Raman and photoluminescence experiments were performed with a multichannel Jobin Yvon T64000 Raman spectrometer equipped with a charge coupled device camera cooled at 140 K. The excitation light source at 488 nm was emitted from a Spectra Physics argon laser with an incident power of around 10 mW/mm 2 . Gratings with 1800 and 300 grooves/mm were used to disperse the reflected and emitted light for the Raman and photoluminescence experiments, respectively. Optical measurements were performed with a dispersive Varian Cary 5 spectrometer. Absorption spectra were obtained from 190 to 3000 nm, using two different light sources and two different detectors. An UV deuterium lamp and a wire tungsten lamp were used as sources, and a PbS photodetector and a photomultiplier as detectors. The substrates on which the films were deposited for the optical experiments were fused silica glasses so as to avoid absorption in the near UV and to avoid disturbance by the Si-O-H absorption in the near infrared range.
III. RESULTS AND DISCUSSION
A. Chemical composition and structural characterization 1. Transmission electron microscopy and energy dispersive x-ray spectroscopy Electron diffraction patterns showed that the films were amorphous whatever the annealing temperature. The noncrystallization of the film at high temperatures like 950°C is not a surprising effect even if it is known that the crystallization temperature of amorphous silicon is equal to around 650°C. Such results have already been obtained. Inokuma et al. 28 have shown, in the case of silicon suboxides prepared by cracking of silane, that the formation of crystallites appears for temperatures greater than 950°C for a-SiO 1.65 . Moreover Zacharias et al. 29 showed that the crystallization temperature, for Si/SiO 2 superlattices, increased rapidly with decreasing a-Si layer thickness. It seems that the crystallization is more difficult for small-dimensions clusters embedded in a dielectric matrix.
The energy dispersive EDXS technique allowed us to obtain the chemical composition of the samples. Five measurements were performed on each sample to determine the average composition of the SiO x samples. The x value of the as-deposited samples is equal to 0.95, 0.75, 0.61, and 0.47 for samples A, B, C, and D, respectively. It was verified that the average composition was not modified by the annealing process. No further oxidation occurred either during exposure to air nor during annealing treatments.
Infrared absorption results
Infrared spectra are represented in Fig. 1 for the samples of group B at different annealing temperatures. For all samples, absorption bands at 450, 650, 800, and 1000 cm 1080 cm Ϫ1 for T a ϭ950°C. These bands are attributed to the infrared active vibrations of the Si-O-Si bonds. The vibration at 450 cm Ϫ1 is due to the rocking motion of this group. The absorption in the domain 650-800 and 1000 cm Ϫ1 is due to the symmetric and asymmetric stretching vibration of oxygen atom in the Si-O-Si group, respectively. These vibrations are present for all the SiO x films but their frequencies are dependent on the environment of the Si atoms. Because of the strong electronegativity of the oxygen atom, these absorption frequencies are increasing functions of x. In the case of oxygen doped a-Si films and silicon dioxide films, these frequencies are equal to 450, 650, and 940 cm Ϫ1 30-32 and 450, 800, and 1080 cm Ϫ1 , 33, 34 respectively. For the intermediate concentrations, a linear relation between x and the frequency of the asymmetric stretching vibration is generally accepted in an homogeneous silicon oxide film. [35] [36] [37] The frequency of the Si-O-Si asymmetric stretching mode for a SiO film is nearly equal to 1000 cm Ϫ1 . The evolution with the annealing temperature observed in Fig. 1 suggests that the composition continuously evolved from SiO for the as-deposited film to SiO 2 for the film annealed at 950°C. The oxidation degree of the film can be characterized by the position of the peak near 1000 cm Ϫ1 . As the peaks at 650 and 800 cm Ϫ1 correspond to the Si-O-Si symmetric stretching mode in silicon with low and high oxygen contents, respectively, the stoichiometry of the film can also be characterized by the ratio of I͑800͒ divided by I͑800͒ ϩI͑650͒, where I͑800͒ and I͑650͒ are the integrated absorption of the 800 and 650 cm Ϫ1 peaks, respectively. This ratio and the frequency of the asymmetric stretching vibration are represented in Fig. 2 as a function of the annealing temperature for all the samples. The evolution of these values first shows that the evolution of the infrared spectra is independent of the initial composition of the films and that the suboxide has always evolved into silicon dioxide with annealing treatments. Moreover, as the average chemical composition determined by EDXS remains unchanged, it can be concluded that a phase separation appears in the film and that silicon rich areas appear in the samples.
Raman spectrometry
The Raman spectrometry is a very efficient technique to observe the presence and to study the structure of silicon clusters in the dielectric matrix. Crystalline silicon is characterized by a strong and thin band at 520.5 cm Ϫ1 , which corresponds to the transverse optic ͑TO͒ mode of phonons. In the case of amorphous silicon, the disorder induces changes in the vibrational density of states. The Raman spectrum is characterized by two large and weak bands at 150 and 480 cm Ϫ1 corresponding to transverse acoustic and transverse optic modes, respectively. Raman experiments were first performed for samples deposited on fused silica glass substrates. The absence of signal at 520.5 cm Ϫ1 means that all the samples are amorphous, which confirms the electron microscopy observations. As the substrates show a Raman band at 465 cm Ϫ1 which disturbs the spectra of the films in the domain of the TO mode of amorphous silicon, Raman experiments were then performed on silicon substrates. The spectra of the samples A and C are reported in Fig. 3 for different annealing temperatures. The strong peak at 520.5 cm Ϫ1 is the substrate signal. For the as-deposited sample A, no signal corresponding to pure amorphous silicon is detected. For as-deposited sample C, it is clear that a-Si domains are present in the film. This result means that the as-deposited coevaporated samples have silicon oxide and pure amorphous silicon domains. Whatever the chemical composition of the films, the bands at 150 and 480 cm phases. The structure modification could be due to a diffusion phenomenon of the oxygen atoms to form the SiO 2 stable phase. Such a phase separation has already been observed and studied and the reaction 2ϫSiO y →yϫSiO 2 ϩ(2Ϫy)ϫSi is proposed to explain the evolution of the structure. [38] [39] [40] 
Determination of the silicon volume fraction
The structure of silicon suboxides and in particular of SiO is still a debating point. Two models are generally proposed to describe the structure. The random-bonding model ͑RBM͒ suggests that SiO can be considered as a homogeneous material where silicon and oxygen atoms are randomly dispersed. The mixture model ͑MM͒, on the contrary, maintains that the material is composed of pure silicon and pure silicon dioxide domains. Moreover, the structure of the material strongly depends on the preparation conditions and on the posttreatments. In the case of the as-deposited material A, the film is highly homogeneous and can be described by the RBM model. Indeed EDXS indicates an average composition equal to 0.95 and the frequency of the Si-O-Si asymmetric stretching vibration is the frequency generally attributed to the SiO stoichiometric phase. Furthermore, no a-Si domain is detected by the Raman experiments. The homogeneity of this sample is certainly due to the low substrate temperature that is too weak to allow a dissociation of the SiO groups coming from the evaporation source. For the coevaporated samples, the infrared spectrometry results show that the samples are inhomogeneous. Indeed the frequency of the Si-O-Si asymmetric stretching vibration is nearly the same as for sample A while the average chemical composition indicates a stronger concentration of silicon. These results suggest that the structure can be described by the mixture model. In the case of the annealed samples, the infrared results indicate a continuous oxidation of the samples with annealing, while EDXS has shown that the composition is unchanged. This proves that a phase separation process happened during annealing so as to form the thermodynamically stable phases a-Si and a-SiO 2 . The appearance of the characteristic bands of a-Si in the Raman experiments confirms this interpretation.
Consequently the atomic structure of these films can be described by amorphous silicon clusters embedded in a SiO y matrix. The estimation of the proportions of these two phases can be obtained from EDXS and infrared spectrometry results, which give the average composition and the stoichiometry y of the matrix, respectively. Indeed, the sample prepared by evaporation of SiO powder is homogeneous, as will be verified by Raman spectrometry. The value of the stoichiometry of the deposited film is 0.95 and the frequency of the IR absorption band is 995 cm Ϫ1 . When the film is annealed at high temperatures, the frequency becomes equal to 1080 cm Ϫ1 , the value corresponding to SiO 2 films. As proposed by Pai et al., 35 we considered that there is a linear relation between the peak frequency of the Si-O infrared absorption band and the stoichiometry y of the silicon oxide phase. Hence, the relation yϭ (Ϫ918/81) was used. This formula gives the values 918 and 1080 cm Ϫ1 at the limits xϭ0 and xϭ2, which corresponds well to the values accepted for unhydrogenated films. Assuming that the densities of amorphous silicon and of amorphous silicon oxide are equal to 5ϫ10 22 and 6.6ϫ10 22 at./cm 3 , respectively, the volume fractions v Si and v SiO y of the different phases can be deduced. The values y and v Si are represented in Fig. 4 as a function of the annealed temperature for the different compositions. Every as-deposited sample has a silicon oxide matrix with a stoichiometry near that of SiO and v Si is an increasing function of the average silicon concentration. The effect of annealing is the same whatever the composition of the as-deposited material. Due to the phase separation, the pure silicon volume fraction increases continuously with the annealing temperature and for the annealed samples at 950°C , the matrix is practically pure SiO 2 .
B. Optical measurements
The study of the optical properties of a-SiO x films, in particular of the refractive index n is a powerful way to investigate the structure of the material. The evolution of the refractive index with x is well known in the case of the homogeneous SiO x silicon oxide films. n is a decreasing function of x, its value at 2.5 m being equal to 4 for pure a-Si, to 2.3 for SiO and to 1.46 for a-SiO 2 . 41 Other values were obtained for the whole range of x. The values of n evolve from 3.5 for low oxidized a-Si to 1.5 for a-SiO 2 for the samples obtained by Yeh et al. 42 and from 2.4 for aSiO 0.1 to 1.46 for a-SiO 2 for the samples obtained by Haga et al. 43 The presence of silicon clusters in the films can strongly modify the refractive index of the silicon oxide film. If a-Si domains are present, the average chemical composition x is not the pertinent parameter for the evolution of the refractive index. n is dependent of y, namely the ratio of the number of oxygen atoms divided by the number of silicon atoms in the silicon oxide phase, but also of v Si , namely the silicon volume fraction. The material must be seen as a composite material and n varies in agreement with the Lorentz theory.
In order to determine n, absorption measurements were performed for all samples as-deposited and annealed at different temperatures. A typical transmission spectrum is represented in Fig. 5 . The interference phenomenon is due to the difference between the refractive indexes of the film and the substrate. In order to have strong interference fringes, the samples were prepared with a thickness equal to 500 nm. As in the case of amorphous silicon and amorphous silicon oxide, the transmission spectra ͑Fig. 5͒ can be decomposed in three domains: the strong absorption region, the medium absorption region, and the weak absorption region. In the strong absorption domain, the absorption coefficient ␣ vary with a power law ␣EϭB(EϪE g ) 2 , where E g is the optical gap, B a constant, and E the energy of the photon. In the medium absorption region ␣ can be described by an exponential law. Finally in the weak absorption area, ␣ is assumed to be negligible. As the absorption is very weak in the infrared region and as the interference fringes are clearly visible, the values n can be obtained with a very good precision by simulating the experimental spectra with the exact expression of the transmission taking into account of the interference phenomenon. 44 The variation with the wavelength of the refractive index of the fused silica substrate is known and the refractive index n of the film is simulated by a polynomial function of 1/. The obtained values of n for ϭ2.5 m are given in Table I . The observation of these results clearly shows that the refractive index is correlated neither with x nor with y, but, if the film is considered as a composite material with the presence of pure a-Si and aSiO y domains, n is related to the refractive indexes n Si and n SiO y of the pure a-Si phase and the pure a-SiO y phase, respectively, by the Lorentz equation: (n 2 Ϫ1)/(n 2 ϩ2) ϭv Si (n Si 2 Ϫ1)/(n Si 2 ϩ2)ϩv SiO y (n SiO y 2 Ϫ1)/(n SiO y 2 ϩ2). Assuming that n Si is equal to 4, n SiO y can be deduced from this expression. The values of n SiO y , reported in Table I and represented in Fig. 6 as a function of y, show the correlation generally obtained in silicon oxide. That proves that the results of the optical experiments are in perfect agreement with our structural model which considers the films as a composite material with amorphous islands in a SiO y matrix.
C. Photoluminescence measurements
Photoluminescence experiments were performed for all the samples deposited on silicon substrates. The PL spectra have been reported in previous works for the samples of group A 27 and for samples of group C. 45 For this study, a synthesis of the results are presented in Fig. 7 , where both intensity and energy of the PL maximum are represented as a function of the annealing temperature. The symbols correspond to the experimental data and the lines are drawn as a guide for the eyes. Whatever the chemical composition x of the films, a common evolution with the annealing temperature is observed. In a first step, the PL intensity increases until the annealing temperature T max and then it decreases. The PL intensity can be strongly improved by the annealing treatment. For example, it is multiplied by a factor around 20 for the sample A annealed at 650°C. The PL is then very well visible to the naked eyes. For the samples annealed at 950°C, the PL becomes very difficult to observe. For all the samples, the PL energy continuously decreases with increasing annealing temperature. Alternative interpretations in literature are invoked to explain the origin of the PL phenomenon. The photoluminescence in such materials could be attributed to silicon oxide defect centers, interface states between the silicon clusters and the silicon oxide matrix, or to the quantum confinement effect. We believe a defect center's contribution to the PL phenomenon is very uncertain. Indeed the well known defect centers in silicon oxide materials involve a blue green radiative emission. 16 Furthermore, the PL energy is dependent on a particular defect and does not vary with annealing treatments. In this study, the PL is strongly modified by annealing treatments, which proves that determined defects are presumably not implicated in the PL emission. Because of the structural reorganization of the samples, the interface states could be modified during the thermal annealing treatments. In this hypothesis, the strong evolution of the PL could be correlated to the existence of interface states. However, in this case, there would exist a correlation between the stoichiometry of the silicon oxide matrix and the PL properties. The analysis of Figs. 4 and 7 shows that this correlation does not exist. The PL phenomenon can be explained by a quantum confinement effect in silicon grains embedded in the silicon oxide matrix. Due to the laser excitation, electron-hole pairs are created in the material and the recombination energy in the silicon grains is enlarged due to the size diminution. The strong PL intensity compared with that of bulk a-Si can be explained by the reduction of the nonradiative recombination channels caused by the carriers localization. Such an evolution of the PL intensity and energy with thermal annealing is in full agreement with the structural evolution of the materials. For as-deposited materials, the silicon grains are supposed to be very small and the PL energy is large. The structural study has shown that the volume fraction of silicon increases with annealing temperature. There is no direct evidence of the increase of the silicon clusters size, but it can be supposed that the silicon volume fraction is correlated to the increase of the silicon grains size and this could explain the decrease of the PL energy during annealing treatments. The evolution of the PL intensity is also well described by the quantum confinement model. Indeed, in the first stage of annealing, not only the silicon grains grow, which modifies the PL energy, but also new silicon grains are created, which improves the PL intensity. When the annealing temperature is greater than T max , there is a coalescence phenomenon due to the clusters growth. The size of the silicon grains becomes too large to present the quantum confinement effect and the PL signal disappears.
In fact, the quantitative evolutions of both the PL energy and the PL intensity vary with the chemical composition of the film. T max is equal to 650°C for the SiO 0.95 samples of group A while it is equal to 500°C for the samples of groups B, C, and D. This difference is explained by the fact that the formation of silicon clusters is more difficult in the high oxygen concentration film ͑group A͒. Due to the diffusion process, a higher annealing temperature is necessary to obtain the coalescence phenomenon of the silicon grains. For these films, until the annealing temperature is equal to 650°C
, the apparition of new clusters is dominant compared with the coalescence phenomenon. In the case of the coevaporated films the coalescence phenomenon appears at 500°C because the silicon concentration is greater. Moreover, the value of the PL energy is an increasing function of x because it can be supposed that the average diameter increases with silicon concentration. In the case of high oxygen concentration films ͑xϭ0.95͒, the size of the silicon clusters is small. The confinement effect is greater and the PL energy is equal to 1.95 eV. For the other samples, the initial PL energy varies from 1.72 eV for xϭ0.47 to 1.82 eV for xϭ0.75. Furthermore the energy seems to converge for the high annealing temperatures to a common value equal to 1.6 eV. This limit tends to prove that there is a maximal size for the silicon clusters, above which the confinement effect disappears. For cluster sizes greater than the exciton Bohr radius, equal to 5 nm for silicon, the localization of the carriers disappears and the nonradiative recombinations are dominant. Theoretical works give an energy equal to 1.65 eV for silicon clusters with a diameter equal to 5 nm, 22, 46 which is in agreement with this present work.
The exact dependence of the PL energy as a function of the cluster size is still a subject of controversy. It is admitted in the quantum confinement model that the energy decreases with the increasing grain size. As the precise size of the clusters is not known, the PL energy was represented in Fig.  8 as a function of the silicon volume fraction for all the samples. The curve is qualitatively a pertinent argument in favor of a quantum confinement effect because, whatever the average composition of the film and the annealing temperature, the value of the PL energy decreases with the increasing silicon volume fraction. The fitted curve drawn in this figure is a power law with an exponent equal to 0.5. Considering the silicon volume fraction v Si is proportional to r Si 3 , where r Si is the radius of the silicon cluster, the PL energy is proportional to r Si Ϫ1.5 , which is close to the d Ϫ1.39 law given by Delerue et al.
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IV. CONCLUSION
Silicon oxide thin films were prepared by evaporation and coevaporation. The photoluminescence in the visible range was obtained for all the studied samples whatever their chemical composition. A structural study was performed to understand the origin of the PL phenomenon. The structural investigations have shown that the films are composed of amorphous silicon clusters embedded in a silicon oxide matrix and that a phase separation process appears during annealing treatments. Moreover optical measurements were performed and interpreted with the theory of the composite media. This analysis was in full agreement with the proposed structural model. Photoluminescence measurements indicated that both intensity and energy of emitted light are dependent on the chemical composition and annealing temperature. The correlation between structural and photoluminescence results strongly suggests that the origin of the photoluminescence is due to a quantum confinement effect of the electron-hole pairs in the amorphous silicon clusters. This work clearly shows that it is possible to obtain visible light emitting materials with silicon oxide films prepared by evaporation and that the crystallinity is not necessary to obtain radiative recombination in silicon clusters. It is also possible to control the PL energy by varying the chemical composition and the annealing temperature.
